ABSTRACT
We have previously observed that an axonsparing injury to the developing striatum induced by the excitotoxin quinolinate results in a decrease in dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the adult. This decrease occurs in the absence ofdirect injury to the SNpc. As the striatum is a major target for the SNpc dopaminergic system, we have hypothesized that a decrease in the size of the striatal target during development may result in an induced regressive event in the SNpc, similar to what has been described for many developing neural systems with peripheral targets. We have examined by morphologic and biochemical means the time course and character of cell death in SN following a unilateral striatal lesion with quinolinate in immature rats. The striatal lesion is associated with an induced cell death event in the Ipsilateral SN, observed first in SNpc and then in SN pars reticulata. The morphologic characteristics of the dying cells were typical of apoptosis. Immunotaining for tyrosine hydroxylase indicated that some of the apoptotic cells in the SNpc were dopmnergic. We conclude that developmental striatal excitotoxic injury is associated with induced apoptotic cell death in SN.
During development, many neural nuclei initially contain more neurons than are present in the mature animal. The ultimate number of neurons is determined by the magnitude of a regressive event in which natural cell death occurs (1) . This regressive event is regulated in many instances by the contact of the nuclear group with its target structure (2) (3) (4) . Experimental manipulations which alter this target-derived support, such as a decrease in target size, result in an augmented regressive event in the developing nucleus, with fewer neurons surviving into adulthood. Many of these concepts derive from studies ofthe prototypic growth factor, nerve growth factor (5) . Most of the evidence supporting concepts related to target support derives from studies of neural structures which project to peripheral targets, particularly spinal motor and peripheral neural ganglia, and much less is known about neural groups with central projections. Studies of the isthmo-optic nucleus in chicken, which projects to the retina (3), and cerebellar granule cells, which project to Purkinje cells, support the concept ofcentral target regulation of neural development (6), but relatively less is known about these mechanisms.
We have previously observed that following axon-sparing injury of the striatum during development, due either to hypoxia-ischemia or intrastriatal injection of an excitotoxin, there is an associated decrease in the adult number of dopaminergic neurons in the substantia nigra (SN) (7) . This decrease occurs in the absence of any morphologic evidence for direct injury to the SN. We have postulated that this decrease in dopaminergic neurons may be due to a reduction in the size of the striatum, the target of these neurons, associated with an induced cell death event in SN. Two types of observation support this hypothesis. (i) Naturally occurring cell death is observed during postnatal development of the SN pars compacta (SNpc) (8) .
(ii) Many prior in vitro studies have shown effects of striatal preparations on the development of the SN (9-11). However, there are numerous other possible explanations for the observation of reduced dopaminergic SN neurons. Hypoxia-ischemia or excitotoxic injury to striatum may in some way directly injure SN cells, or following early striatal injury, with the resulting loss of a major y-taminobutyratergic projection to SN pars reticulata (SNpr), there may result an anterograde transynaptic degeneration of SNpr and SNpc "en cascade" (12) .
To differentiate among these possibilities, we have sought to identify the presence of cell death and its morphologic and biochemical characteristics in SN following a developmental striatal excitotoxic lesion made with quinolinic acid (QA). We have identified and quantified cell death in these structures by using a silver stain technique (13, 14) . A frequent morphologic appearance of cells undergoing induced or natural cell death is that of apoptosis, which can be differentiated from cell necrosis due to direct excitotoxic injury at the ultrastructural level on the basis of several distinct features (15) . Apoptosis can also frequently be distinguished from necrosis on the basis ofgenomic DNA fragmentation studies, which demonstrate a characteristic appearance on DNA gels of integral multimers of 180-to 200-bp fragments (a DNA "ladder") (16 (8) .
Electron Microscopy. At 24 or 48 hr after intrastriatal infusion of QA, rat pups were perfused intracardially with O.9o NaCl followed by 1% paraformaldehyde/1.5% glutaraldehyde/0.1 M phosphate buffer, pH 7.4, for 10 min. A tissue block encompassing the midbrain was taken and processed as described (18) .
DNA Fragmentation Analysis. At 2, 6, 12, 24, and 48 hr after striatal QA injection or at 2, 6, and 24 hr after vehicle injection, pups were sacrificed and the SN on each side was microdissected and frozen in liquid N2. DNA was extracted by standard procedures (ASAP kit, Boehringer Mannheim). Southern blot analysis was performed using the conditions of Wahl et al. (19) .
In Situ End Labeling. Free 3'-hydroxyl ends generated by endonuclease cleavage of genomic DNA during apoptosis were labeled with a commercial kit (ApopTag, Oncor) based on a method similar to that of Gavrieli et al. (20) , but which utilizes digoxigenin-11-dUTP as label.
RESULTS
Quantitation of Cell Death and Light Microscope Observadons. Silver and Nissl staining of striatal sections revealed a unilateral lesion in the striatum, although some cell death was also observed in overlying cortex and in the medial septal region.
Following unilateral lesion of the striatum at P7 with QA, an increase in the number of dying cells revealed by silver stain was observed in both SNpc and SNpr (Fig. 1) . In SNpc, a clear increase was observed 12 hr after lesion, and by 24 hr there was a statistically significant increase in comparison to the contralateral side (P < 0.0001, ANOVA). This difference persisted at 48 and 72 hr in comparison to both the contralateral side and vehicle-injected controls. In SNpr, a difference between injected and contralateral sides did not become apparent until 24 hr and did not achieve significance until 48 hr. In absolute terms, the magnitude of cell death was about 2-fold greater in SNpc than in SNpr. However, for this developmental period, the relative increase in degenerating cells in the two structures was about the same, =10-fold.
Morphometric analysis of all of the silver-stained degenerating cells in a representative section from three of the four rats examined 48 hr postlesion revealed no difference in the mean cross-sectional area of degenerating cells on the lesioned side (36.3 ± 1.3 Am2; n = 110) in comparison to the contralateral control side (36.7 ± 3.4 "m2; n = 14).
A typical example of induced developmental cell death in SNpc and SNpr is shown in Fig. 2A on the side of the striatal lesion in comparison to the contralateral, nonlesioned side in Fig. 2B . At the light microscope level, the morphologic appearance of the degenerating cells on the lesioned side was typical of that for apoptosis (21) , with the formation of a shrunken, rounded cytoplasm and multiple, rounded, dark-staining chromatin clumps (Fig. 2C) . The degenerating cells on the lesioned side were identical in appearance to the few degenerating cells on the intact side and to cells previously described during natural developmental cell death in rat SNpc (8 Numerous neurons in SNpc on the side ofstriatal injury were TH-positive and undergoing apoptosis (Fig. 3) . Among five animals at 24 hr following QA injection there were 3.4 ± 0.9 apoptotic TH-positive neurons per section on the ipsilateral side and 0.4 ± 0.2 on the contralateral side (P = 0.02, Wilcoxon).
Ultrastructural Observations. Ultrastructural analysis of multiple degenerating cells in SNpc and SNpr on the side of striatal injury at 24 and 48 hr after the lesion revealed features typical of those described for apoptosis (21) (Fig. 4) . Such cells were about 10-fold more numerous on the side of striatal injury than on the nonlesioned side.
DNA Fragmentation Patterns. At multiple time points following intrastriatal injection of QA or vehicle, DNA fragmentation analysis demonstrated a ladder of discrete nucleosome-sized DNA multimers characteristic of apoptosis in some, but not all, animals on both the lesioned and contralateral control sides (data not shown). Detection of the multimeric fragments in these samples required prolonged exposure of radiolabeled Southern blots (Fig. 5C ). The pattern was rarely visible in brain tissue samples by UV illumination of ethidium bromide-stained gels (Fig. SA) , or after brief exposures of Southern blots (Fig. SB) . We did not observe a consistently increased intensity of nucleosomal fragments on the lesioned side in comparison to either the contralateral control side (Fig. 5 ) or in comparison to vehicleinjected controls (data not shown). Thus, while the qualitative pattern of DNA fragmentation on the injured side was like that observed in the presence of basal levels of developmental cell death, we did not observe a quantitative alteration in the intensity of the banding pattern. (22) .
By both morphologic and biochemical criteria, the cell death in SN following striatal injury appears to be apoptosis (21) . We consider the term apoptosis to be a designation for a specific morphologic pattern of death observed in programmed cell death, and it is only one of several morphologies observed (23) . We consider morphologic criteria for apoptosis to be primary because historically the term was used to refer to a specific morphologic pattern (21) and because biochemical criteria for apoptosis [185-bp fragmentation of DNA (24)] are not always fulfilled even in its presence (25) . The morphologic characteristics of induced cell death in SN at the light microscope level included a shrunken, rounded appearance of the cytoplasm and the formation of multiple, rounded, dark-staining chromatin clumps (21) . This identical appearance was observed on the contralateral, noninjected side (see Fig. 2 ) in controls and in normal rats during development (8) . The appearance of apoptosis was confirmed at the ultrastructural level in dying SN cells on the side of striatal injury. The major features included (i) formation of rounded, electron-dense chromatin clumps; (ii) preservation of both the nuclear and cellular membranes; (iii) preservation of intracellular organelles; and (iv) phagocytosis of apoptotic bodies by surrounding healthy cells. Immunostaining for TH demonstrated that some of the dying cells in the SNpc were dopaminergic. DNA fragmentation studies revealed bands corresponding to multimers of 180-200 bp in microdissected SN tissue from both sides of the brain in vehicle-injected animals at P7 and P8 (data not shown) and on both sides of the SN following striatal excitotoxic injury. We interpret this finding to mean that the qualitative pattern of DNA fragmentation is similar on both sides and is typical of that for apoptosis. We were unable to demonstrate a quantitative increase in the intensity of nucleosomal fiagments on the side of induced cell death, possibly because the increase in apoptotic fragmentation taking place in SN may be minimal in relation to the amount of fragmented DNA in surrounding tissue, which is not affected by the striatal lesion. In addition, while the gel is useful for qualitative demonstration of DNA fragmentation, it is not necessarily quantitative. Use of the in situ endlabeling technique for the demonstration of free 3'-hydroxyl ends generated by endonuclease cleavage permitted us to demonstrate not only the characteristic morphology of apoptosis by a biochemical means but also to show quantitatively using this biochemical criterion that there is an increase in apoptotic cell death in SN.
These results support our initial hypothesis that the decrease in the number of SN neurons observed in adulthood following striatal excitotoxic injury in development is mediated by induced cell death. This induced death event appears to be identical by morphologic criteria to the natural developmental cell death which occurs in SN, and, specifically, conforms to the morphologic pattern of apoptosis. Our results exclude any role played by excitotoxicity either directly due to QA, or indirectly following the loss of the striatonigral yaminobutyratergic projection to SNpr. Since some of the dying neurons were demonstrated to be dopaminergic, and since SNpc neurons are postmitotic at P7 (26) , it is likely that this induced death event results in fewer SNpc neurons surviving into adulthood, as we have previously observed (7) .
Given that the type of cell death in SN is apoptosis and that this morphologic pattern is typical for induced developmental neuron death following deprivation of target-derived developmental support (27) , it seems likely that the induced cell death in SN is in some way related to loss of developmental "support" from the striatum. The nature ofthis support is not addressed by the current study, and it may differ for SNpc and SNpr, although the morphology of cell death appeared similar in both. The striatum is a major target of SNpc dopaminergic neurons, so it is possible that striatal injury results in the loss of a target-derived, retrogradely transported trophic factor(s), according to classic concepts (5). However, there exists a striatonigral pathway emanating primarily from striatal striosomes which may also carry support in anterograde fashion to SNpc. It is unlikely that induced SNpc neuron death is due to direct injury to dopaminergic terminals after QA injection, as Schwarcz et al. (28) have shown that higher doses of QA do not affect TH activity or damage axons.
Unlike SNpc, SNpr does not project to striatum; rather, it receives a major striatonigral projection which uses -ami- One of the implications of this study is that, following injury to the developing brain by an excitotoxic mechanism, the ensuing cell death occurs not only because of direct excitotoxic injury, but also at remote sites because of apo- 
